Recurrent corneal erosions are painful and put patients' vision at risk. Treatment typically begins with debridement of the area around the erosion site followed by more aggressive treatments. An in vivo mouse model has been developed that reproducibly induces recurrent epithelial erosions in wild-type mice spontaneously within two weeks after a single 1.5 mm corneal debridement wound created using a dulled blade. This study was conducted to determine whether 1) inhibiting MMP function during healing after dulled-blade wounding impacts erosion development and 2) wounds made with a rotating burr heal without erosions. Oral or topical inhibition of MMPs after dulledblade wounding does not improve healing. Wounds made by rotating burr heal with significantly fewer erosions than dulled-blade wounds. The localization of MMP9, β4 integrin and basement membrane proteins (LN332 and type VII collagen), immune cell influx, and reinnervation of the corneal nerves were compared after both wound types. Rotating-burr wounds remove the anterior basement membrane centrally but not at the periphery near the wound margin, induce more apoptosis of corneal stromal cells, and damage more stromal nerve fibers. Despite the fact that rotating-burr wounds do more damage to the cornea, fewer immune cells are recruited and significantly more wounds resolve completely.
Introduction
Due to its exposed site and sheerness, corneal surface injuries are the most common ophthalmic complaint and recurrent erosions develop in a sub-population of patients with surface injuries. Treatment for recurrent corneal erosions typically begins with debridement of the area around the erosion site. A combination of debridement and diamond burr polishing of the anterior epithelial basement membrane zone (BMZ), laser phototherapeutic keratectomy, or alcohol delamination are used for patients with recurrent erosions (Aldave, et al., 2009; Ewald and Hammersmith, 2009; Laibson, 2010; Mencucci, et al., 2010) . Most erosions heal and the corneal surface remains intact but 5-15% of patients treated for recurrent erosions develop additional painful erosions that put their vision at risk (Laibson, 2010 ).
An in vivo mouse model has been developed that reproducibly induces recurrent epithelial erosions that form within weeks after a 1.5 mm corneal debridement wound made using a dulled blade (Pal-Ghosh, et al., 2004) ; this type of wound is referred to here as a dulledblade wound. The frequency of erosions after 1.5 mm dulled-blade wounds in C57BL6 and BALB/c mouse strains varies ranging from 73-81% (Pal-Ghosh, et al., 2008) . Erosions develop secondary to chronically elevated expression of matrix metalloprotein 9 (MMP9) in the corneal epithelium that degrades α6β4 integrin leading to sloughing off of epithelial cells (Pal-Ghosh, et al., 2011) . However, C57BL6 and BALB/c mice subjected to superficial keratectomy wounds do not develop erosions (Pal-Ghosh, et al., 2011) .
Elevated levels of MMPs are seen in tears of people with ocular roseacea (Afonso, et al., 1999) , dry eye (Chotikavanich, et al., 2009) , corneal ulcers (Hadassah, et al., 2009) , climatic droplet keratopathy (Holopainen, et. al., 2011) , and recurrent erosions (Afonso, et al., 1999; Garrana, et al., 1999; Ramamurthi, et al., 2006) . The level of MMP9 in tears has been proposed as a tool for the clinical diagnosis of dry eye caused by defects in tear production secondary to persistent inflammatory conditions affecting the lacrimal glands (Pflugfelder, et al., 2000; Lemp, 2008; Jackson, 2009; Chotikavanich, et al., 2009) . Determining the underlying cause of elevated MMP9 expression in the dulled-blade mouse model will provide insight not only into the etiology of recurrent erosions but also of other eye diseases.
Several hypotheses offer possible explanations for the chronic MMP expression seen within the corneal epithelium after dulled-blade wounds. Epithelial cells may secrete higher levels of MMPs to degrade BMZ proteins left behind after the removal of the corneal epithelial cells. Also residual BMZ proteins may delay signaling between the epithelial cells and the underlying corneal stromal cells (CSCs). Such a mechanism could operate through a reduced rate of diffusion of cytokines released by epithelial cells into the stroma or by the reduced diffusion of proteins from the tear film onto the exposed basement membrane. Studies by Stramer and colleagues (2003) support the idea that diffusion of cytokines secreted by epithelial cells is regulated by the presence of a basement membrane. Their study shows that corneal tissue constructs with corneal epithelial basement membranes show no diffusion of the epithelial cytokine TGFβ2 past the BMZ into the stroma. Corneal constructs lacking a basement membrane showed TGFβ2 throughout the stroma and this difference in diffusion induced differences in αSMA expression in corneal fibroblasts.
Chronic MMP9 expression after dulled-blade wounds could also be caused by differences in immune cell recruitment into the wound site. Keratectomy wounds damage fewer corneal epithelial cells; cells in the center of the corneal epithelial:stromal button remain intact. Differences in the exposure of resident immune cells to intracellular epithelial proteins and DNA or differences in mechano-sensing of resident stromal cells to stress placed on the cornea by keratectomy wounding could differentially stimulate chemokine release. Although in both dulled-blade and keratectomy wounds sheering forces are used, dulled-blade wounds leave epithelial cell debris and remnants of damaged sub-basal axons on the ocular surface. The presence of this debris could induce recruitment of different types or numbers of immune cells from the limbal vasculature. Another method of wounding the mouse and rat ocular surface involves the use of a rotating burr that is 0.5 mm in diameter; this tool is similar in design to the diamond burr used by clinicians. The studies that follow were conducted to evaluate the impact of MMP inhibition on corneal wound healing and to evaluate the healing that takes place when wounds are created using a rotating burr.
Materials and Methods

Manual Corneal Debridement
All experiments described in this article were conducted in voluntary compliance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, and all procedures were approved by the George Washington University Animal Care and Use Committee. Mice (BALB/c) were obtained from NCI-Frederick. 8-to 12-week-old BALB/c mice (22 to 25 g) were anesthetized with 250 μl of a 1:10 dilution of a 1:1 mixture of ketamine (100 mg/mL; Aveco Co., Inc., Fort Dodge, IA) and xylazine (20 mg/mL; Miles Inc., Shawnee Mission, KS). Once anesthetized, a topical anesthetic (proparacaine ophthalmic solution, Butler Schein #NDC-24208-730-06) was applied to their ocular surface until the blink sensation was lost. A 1.5-mm central corneal area was demarcated with a trephine and corneal epithelium was removed manually by gentle scraping with either a dulled blade held by a blade breaker (dulled-blade wounds) or a rotating burr (rotating-burr wounds; Algerbrush II, Ambler Surgical, 404 Gordon Drive, Exton, PA 19341). After wounding, eyes were treated with erythromycin ophthalmic ointment (Butler Schein #NDC 0166-0070-38) to minimize inflammation and keep the ocular surface moist while the mice recovered from anesthesia. Corneas were allowed to heal in vivo for 6 hours and 4 weeks.
After sacrifice, enucleated eyes were fixed for 2 hours in 1:4 dilution DMSO:Methanol at −20°C followed by 100% methanol at −20°C. For studies of corneas at time 0, mice were wounded within 5 minutes of sacrifice, eyes enucleated, and fixed immediately as described.
For studies in which MMP activity was inhibited, oxytetracycline (Sigma Aldrich) was administered orally in water at a concentration of 200 mg/L in water (Chandler, et al., 2007) beginning immediately after wounding and continued for 4 weeks. For studies using topical MMP inhibition, the broad spectrum MMP inhibitor GM6001 (Millipore/Chemicon, Billerica, MA 01821; CC1100) was applied 2 times per day for 5 days beginning 2 days after wounding. GM6001 was used at a concentration of 400 μg/mL in 50 mM Hepes, 0.1% DMSO, and 1X Pen-Strep-Fungizone as described by Schultz and colleagues (1992) . Control mice were treated with vehicle alone. Richardson stain was used to score the corneal wounds as open or closed. Closed eyes were assigned a score of 1 and open eyes a score of 0. Significance was determined with the average scores using a one way analysis of variance with the Tukey post test using Instat software from Graphpad, Inc.; p values less than 0.05 were considered significant. After erosion assessments were made, eyes were enucleated and corneas were fixed and used for whole mounts as described above. Experiments were repeated twice and data pooled.
Materials
Methanol (Fisher, #A454-4), Triton (Fisher, # AC21568-0010), 10X PBS (Fisher # 17-515Q), BSA , and horse serum (ThermoFisher # ICN2921249). Alexa 488 anti rabbit (A11008), Alexa 488 anti rat (A11006), and Alexa 594 anti-rat (A11007) secondary antibodies were purchased from Invitrogen/Molecular Probes (Eugene, OR, 97402). Nuclear stains including Propidium iodide (#P1304MP) and DAPI (#D21490) were also purchased from Invitrogen/Molecular Probes. Primary antibodies used for these studies were: polyclonal rabbit anti-mouse MMP-9 antibody (Abcam, Cambridge, MA 02139; #ab38898), Rat anti-mouse β4 integrin (BD Pharmingen, San Diego, CA 92121; clone 346-11A; BD553745), rat anti-mouse CD45+ antibody against the common leukocyte antigen (BD Pharmingen; clone 30-F11; BD553076), and mouse anti-mammalian β3 tubulin (Covance Research Products, Berkeley, CA, 94710; Tuj1; MMS-435P). The polyclonal antibody against LN332 was a generous gift of Jonathan C. Jones (J18; Northwestern University Medical School, Chicago, IL 60611).
Whole Mounts
The tissues stored in 100% methanol were treated with triton in a graded methanol series (70%, 50%, and 30% methanol:triton, 30 minutes each). All incubations were performed with gentle shaking and at room temperature, unless otherwise specified. Eyes were washed in PBS twice for 30 minutes each, followed by incubation with blocking buffer for 2 hours. Blocking buffer was 100 ml 1x PBS, 1 g BSA and 1 ml horse serum stirred for half an hour. The tissues were incubated overnight with primary antibody, at 4°C. The next day, tissues were washed five times with PBS and 0.02% Tween 20 (PBST) for 1 hour each, blocked for 2 hours, and incubated with Alexa secondary antibody overnight at 4°C. Eyes were washed three times with PBST for 1 hour each. Under a dissecting microscope (Model SZ40; Olympus, Lake Success, Melville, NY), the retina, lens, and iris were removed, and four incisions were made in the cornea. To achieve the best flattening, the corneas were placed epithelial-side-up; Floromount G mounting media (EMS, #179-84-25) was added and coverslipped. Images were acquired with the Zeiss LSM 710 (NIH 1S10RR025565-01; Popratiloff, P.I.) AXIO EXAMINER upright microscope and LSM 710 confocal system with 34 spectral detection channels and two transmitted light photomultipliers, 5 laser lines -458, 488, 514, 561 & 633 nm, control electronics, ZEN 2009 software and x/y/z motorized scanning stage. Typically, eighteen to twenty optical sections were acquired sequentially (1μm steps in the z coordinate) with a 63x objective lens (NA=1.40). 3D images were obtained using Volocity (Version 5.0; Perkin Elmer). Images captured with the confocal were merged and presented en face and rotated at 90° for cross section images.
Results
Wounding with the rotating burr significantly improves healing
Wound closure was determined at the time of sacrifice using the vital dye Richardson stain and confirmed by immunofluorescence. Representative data obtained 4 weeks after wounding by dulled blade and rotating burr are shown in Figure 1A . Data showing the frequency of erosions 4 weeks after wounding are presented in Figure 1B . Inhibiting MMP activity either orally or topically did not reduce the formation of erosions but wounding mice with the rotating burr significantly reduced erosion frequency. Over 88% of rotatingburr wounded mouse corneas had closed wounds and only 22% of the corneas of mice wounded with the dulled blade had closed wounds 4 weeks after wounding.
Corneas were also evaluated for the localization of β4 integrin, LN332, and MMP9 4 weeks after wounding and data are presented in Figures 2A and B. Rotating-burr wounded corneas have abundant β4 integrin and laminin 332 (LN332) at the BMZ and no detectable MMP9. However, dulled-blade wounded corneas show reduced levels of β4 integrin and the presence of MMP9 adjacent to and within erosions; LN332 was not be detected near erosions after dulled-blade wounds.
Rotating-burr wounds remove the basement membrane at the center of the wound
Dulled-blade wounds to the mouse cornea leave α6β4 on the anterior stroma at the BMZ (Sta. Iglesia and Stepp, 2000) but it is not clear whether the BMZ is left intact after rotatingburr wounds. Mice were wounded within 5 minutes of sacrifice using the rotating burr or dulled blade and their eyes were fixed immediately (time 0) for the measurement of corneal stromal thickness and use in whole mount immunofluorescence. There is no evidence for β4 integrin, LN332, or type VII collagen at the center of the wound area after rotating-burr wounds ( Figure 3A) ; the basal cell basal surface and basement membrane are present at the site immediately adjacent to the wound margin. It is impossible to get closer to the wound edge with the rotating burr without removing additional epithelial tissue. As expected from previous studies, after dulled-blade wounding, the basement membrane is mainly left intact and stained uniformly positive for β4 integrin, LN332, and type VII collagen ( Figure 3B ). These data show that wounds created with the rotating burr remove the basement membrane.
The stromal surface is uneven after rotating-burr wounds compared to dulled-blade. At time 0, the nuclei of the CSCs located near the anterior stroma are visible with DAPI staining as shown in Figures 3A and 3B . The CSC nuclei are elongated and distorted after rotating-burr wounding whereas the CSC nuclei of dulled-blade wounded corneas appear morphologically normal as seen in the inset in Figure 3B , which shows DAPI alone.
The total stromal thickness was assessed at time 0 at three locations at the central cornea in four corneas from four different mice after both wound types. The stromal thickness is 56 +/ − 1 μm in rotating-burr wounds and 55 +/− 3 μm in dulled-blade wounds. Even though Figures 3A and 3B show that rotating-burr wounding removes the BMZ centrally, the amount of tissue removed was less than could be detected using a method with a sensitivity of 1 μm.
To determine whether remnants of basement membrane remain associated with the BMZ adjacent to the margin of the 1.5 mm wound after dulled-blade wounds, whole mounts of corneas from both wound models were obtained 6 hours after wounding. While there is less β4 integrin present on the surface of the stroma at the margin of the rotating-burr wounds compared to 0 hr in Figure 3A , β4 integrin is still present at this site ( Figure 3C ). In contrast, 6 hours after dulled-blade wounds ( Figure 3D ), β4 integrin, LN332, and type VII collagen remain localized at the exposed stromal surface.
DAPI-stained nuclei are visible at the anterior aspect of the exposed stroma at time 0 ( Figures 3A and B) and not 6 hours after wounding ( Figures 3C and D) . Anterior CSCs exposed to the tear film after removal of corneal epithelial cell barrier undergo apoptosis, a process that begins immediately upon wounding and can last for several hours (Wilson, et al., 2007) . Using confocal imaging of DAPI stained nuclei, CSC apoptosis was quantified by measuring the depth of the nuclei-free zone present in the central exposed stroma 6 hours after wounding. Measurements were taken with a 63X objective at three different sites at the center of the wound site using 1 μm step-intervals from 10 dulled-blade wounded corneas and 8 rotating-burr wounded corneas. The nuclei-free zone is significantly larger for rotating-burr wounded corneas (47 +/− 2 μm or 84% of the total stromal thickness) compared to the dulled blade (32 +/− 2 μm or 58% of the total stromal thickness). More CSCs have undergone apoptosis 6 hours after rotating-burr wounds compared to dulledblade wounds.
Fewer sub-basal nerves are present adjacent to erosion sites 4 weeks after wounding with the dulled blade The cornea's sensory axons or nerve fibers originate from the trigeminal ganglion and enter the cornea at the limbus and travel through the stroma towards the center of the cornea (Muller, et al., 1996 (Muller, et al., . 2003 . A dense collection of axons, called the sub-basal nerve plexus, runs between the basal membrane of the corneal epithelial basal cells and the basement membrane; these nerve fibers are thinner than those in the stroma. They branch and some penetrate to the apical surface of the corneal epithelium. While the sub-basal nerves have a thin basement membrane, the larger nerve bundles found deep in the stroma and at the corneal periphery have a basal lamina ensheathing both Schwann cells and axons (Muller, et al., 1996 (Muller, et al., . 2003 .
Dulled-blade wounds leave the basement membrane behind but it is not known whether they damage all or only part of the sub-basal nerve plexus. In rotating-burr wounds, removal the BMZ is expected to remove the sub-basal nerve plexus at the wound site. The impact of theses wounds on the deeper stromal nerve fibers was not known. The data presented in Figures 3B and 3D show more stromal nerves, revealed by the localization of β4 integrin to the basal lamina of their axons, immediately and 6 hours after dulled-blade wounds. These results were confirmed by staining whole mount corneas with Tuj1, an antibody directed against neuronal-specific β3 tubulin, 6 hours after rotating-burr and dulled-blade wounds (Figure 4) . Dulled-blade wounds leave more nerves intact in the anterior stroma.
To determine whether there are similar numbers of nerve fibers near erosion sites, corneas were evaluated 4 weeks after dulled-blade wounding. Tuj1 was used for nerve staining and β4 integrin to identify erosion sites. Unlike the data presented in Figure 4 , this study looks at the sub-basal nerves and not the stromal nerves. Figure 5 shows en face confocal images of the mouse cornea near an erosion site. The lower magnification image ( Figure 5A ) allows identification of an erosion site by the loss of β4 integrin 4 weeks after dulled-blade wounding. There is a reduction in the number of nerve fibers at these sites. There are fewer nerve fibers away from ( Figure 5B ; indicated by the white ^) and within ( Figure 5C ; indicated by the white *) erosions.
The sub-basal nerve fibers at the periphery shown in Figure 5B are organized to run under the cell membranes that join adjacent basal cells rather than under the basal cell nuclei. It appears that almost every basal cell is innervated by a sub-basal nerve running parallel to its basal surface and the BMZ. The fact that erosion sites have fewer nerves implicates failed reinnervation in the formation of erosions.
More CD45+ immune cells are present in the stroma near the limbus after dulled-blade wounding
The removal of the corneal epithelial cells and the damage these wounds do to the nerves induces an immune response. The cornea is avascular with angiogenic and lymphatic blood vessels located within the stroma at the corneal limbus. When a corneal infection or injury occurs, immune cells are attracted by cytokines and extravasate and migrate along a chemokine gradient established within the corneal stroma towards the infectious agent or the site of injury (Carlson, et al., 2007; 2010) . We assessed the number of immune cells that had infiltrated the corneal stroma 6 hours following injury. Corneas were stained using an antibody against the common leukocyte antigen, the protein tyrosine phosphatase CD45, which is expressed on the surfaces of all leukocytes (Saunders and Johnson, 2010) . Figure 6 shows data from whole mount corneas 6 hours after rotating-burr and dulled-blade wounding. Lower magnification en face images of regions adjacent to the limbus focus on the stromal compartment; high resolution (63X oil objective) 3D reconstructed images from the same locations show cross section views. These images show more CD45+ cells in the stroma near the limbus of the dulled-blade wounded corneas. The data indicate that the recruitment of immune cells into the cornea varies significantly in response to dulled-blade and rotating-burr wounds. Figure 5 shows fewer nerves at erosion sites and Figure 6 shows more immune cells recruited within 6 hours after dulled-blade wounds. In Figure 7 the presence of both CD45+ immune cells and nerves at erosion sites was investigated. Shown are en face confocal images at high resolution of corneas whose wounds resolved (A) compared to those with erosions (B). Location of the sub-basal nerves are shown on the left and on the right, a region within the corneal stroma 2-3 μm below the sub-basal nerve is presented. The erosion sites have fewer sub-basal nerves; several CD45+ immune cells are present within the remaining epithelial cell layer. Below the erosion site, there are twice as many CD45+ immune cells compared to the healed cornea.
Discussion
In the mouse, when manual debridment wounds are made to the cornea, a portion of the basal surface of the epithelial cells remains with the stroma along with the lamina densa (Sta. Iglesia and Stepp, 2000) and data presented here show that α6β4 integrin, LN332, and type VII collagen are removed from the BMZ by rotating-burr wounds. Studies of corneal re-epithelialization have been reported in the rat cornea; debridement wounds made in the rat using the dulled blade remove α6β4 integrin (Stepp, et al., 1996) and studies of the rabbit cornea report findings similar to those in the rat (Latvala, et al., 1996) . Human corneal epithelial sheets removed by debridement were studied by TEM (Mencucci, et al., 2010) ; α6β4-containing hemidesmosomes were removed with the corneal epithelial sheet from healthy corneas undergoing PRK but when removed as treatment for recurrent erosions, epithelial basal cells were damaged and missing their basal membrane (Mencucci, et al., 2010) .
Taken together, these data indicate that mouse corneal epithelial basal cells adhere more tightly to their underlying BMZ compared to rats, rabbits, and humans. Another difference between mouse corneal wound healing and that observed in the rat, rabbit and human cornea, is that myofibroblasts are not generated in the stromas of Balb/c strains of mice in response to corneal wounds (Pal-Ghosh, et al., 2011 and data not shown). We have evaluated dulled-blade and wounds that remove the basement membrane in Balb/c mice and C57BL6 mice for αSMA positive cells and do not find any at any time point. Mohan and colleagues (2008) were able to demonstrate the formation of myofibrobasts in the C57BL6 mouse but only when corneas were wounded by a surgical blade followed by the eximer laser to create irregular photorefractive keratectomy wounds. It is not clear why mouse corneal stromal cells resist activation to the myofibroblast phenotype. Despite the unique properties of the mouse cornea, the mouse remains an essential model for the study of the reepithelialization and resolution phases of corneal wound healing. The availability of genetically modified mice to study corneal wound healing allows vision scientists the ability to ask targeted questions about specific molecules and their roles in corneal wound healing.
Efforts to reduce erosion size and frequency by inhibiting MMP activity using oral or topical application of MMP inhibitors failed; while not mathematically significant, there was a trend for the erosions to be larger and more frequent. Chronically elevated MMP9 levels and recurrent erosions are reduced significantly by wounding the cornea with the rotating burr. These data lead us to conclude that chronic MMP9 expression after dulled-blade wounds represents an attempt by the corneal epithelium to remodel damaged ECM in the stroma.
Experiments looking at K12 expression and corneal stem cell maturation indicate that the mouse cornea does not fully mature until 12 weeks after birth (Collinson, et al., 2002; Tanifuji-Terai. et al., 2006) . To confirm that the erosions were not due to immature corneas, mice were wounded at 12 weeks instead of 8 weeks; no significant impact was observed in the frequency of erosions (data not shown).
In vivo studies show that mice with dry eye have enhanced corneal epithelial basal cell apoptosis, elevated MMP9 expression in their tears, and barrier function defects (Dursen, et al., 2002; Corrales, et al., 2006; Pflugfelder, et al., 2005; Chen, et al., 2008) . Experiments to induce dry eye in MMP9 null mice failed when mice were subjected to the same experimental conditions as wild-type mice (Pflugfelder, et al., 2005) . The clinical data on dry eye and other studies showing elevated MMP9 in mouse corneas with erosions (PalGhosh, et al., 2011) together suggest that MMP9 activation within the cornea can lead to accelerated epithelial cell shedding and subsequent loss of barrier function.
High resolution confocal microscopy images presented in this paper show that CD45+ immune cells are present within the corneal epithelium adjacent to erosion sites. This raises the possibility that immune cells rather than corneal epithelial cells are the primary source of the MMP9 mRNA and protein seen in immunoblots of 4 week dulled-blade wounded corneal epithelial cell extracts (Pal-Ghosh, et al., 2011) . Increased immune cell recruitment into the stromas of corneas after dulled-blade wounds is seen within 6 hours of wounding implicating differences in immune cell recruitment in the formation of erosions.
To differentiate among the various immune cell types present at erosion sites, it will be necessary to use seven or more different antibodies to identify neutrophils, T-cell receptor positive/MHC class 1, and APC/MHC class 2 cells. Further staining will be needed to determine the numbers of the γδT-cells, dendritic cells, and to classify macrophages as M1 or M2 types. Studies could be done using flow cytometry, but to localize specific immune cell types to erosion sites, the whole mount procedure has to be used. To determine the identity of the immune cells involved in the formation of recurrent erosions we are now optimizing whole mount staining using various immune cell markers.
The majority of the immune cells that initially migrate into the corneal stroma after debridement wounding have been reported to be neutrophils . These move in from the limbal vasculature in response to the chemokine CXCL1 released by both activated resident immune cells and damaged corneal cells. Neutrophils in the stroma peak in number between 12-24 hours after debridement wounding Hayashida, et al., 2009) . Large numbers of immune cells could damage the stromal ECM and maintain CSCs in their activated state to produce collagens and proteoglycans to replace those degraded by leukocyte-derived proteases. Since immune cells are recruited into the corneal stroma from the limbal vasculature by cytokines, we hypothesize that dulled-blade wounds induce different types and/or amounts of cytokines compared to rotating-burr wounds.
The exposed stroma in rotating-burr wounds showed more damage to the nerve fibers 6 hrs after wounding. The re-growth of the corneal sub-basal and stromal nerves in the mouse after debridement wounds has been the subject of several recent studies (Yu and Rosenblatt, 2007; Esquenazi, et al, 2007; Leiper, et al., 2009; McKenna and Lwigale, 2011; Li, et al., 2011) . While fewer nerves are observed at erosion sites, it is not known whether this is the cause or the result of erosion formation. Erosions are not present initially; 1.5 mm dulledblade wounds close completely at 24 hours; erosions begin to form between 1 and 2 weeks (Pal-Ghosh, et al., 2004) . These erosions do not form uniformly on the mouse ocular surface after dulled-blade wounds but are more frequent in the nasal quadrant (Pal-Ghosh, et al, 2011) . To determine the role of the sub-basal nerves in erosion formation, it will be necessary to evaluate reinnervation by quadrant after dulled-blade and rotating-burr wounds at time points prior to erosion development.
Studies by McKenna and Lwigale (2011) show that during development the nerves enter the inferior nasal region of the mouse cornea first; sub-basal nerves that branch from stromal nerves at the nasal quadrant innervate a larger portion of the mouse cornea than nerves from other quadrants. This anatomical difference could make the nasal region prone to reinnervation defects. According to studies by Ecoiffer and colleagues (2010) , there are more blood vessels in the nasal region of the mouse cornea. Because immune cells emerge from the limbal vasculature, more immune cells may enter the stroma at the nasal region compared to other regions. If so, they may inadvertently do collateral damage to the nerves and stroma at this site. Finally, studies by Li and colleagues (2011) show that, after debridement wounding, reinnervation of the corneal sub-basal nerves is optimal in the presence of IL17A produced by activated γδ T-cell, indicating the critical role of immune cell activation in reinnervation. The relationship between immune cell activation and reinnervation after corneal injury is complex and understanding it will require analyses of nerves and immune cells during normal and pathological healing.
The events that occur within 6 hours after dulled-blade and rotating-burr injury to the mouse cornea are presented schematically in Figure 8 . The in vivo data presented in this paper show that, after rotating-burr wounds, the basement membrane is removed, more sub-basal sensory nerve fibers are eliminated, more stromal cells undergo apoptosis, and significantly more corneal wounds resolve 4 weeks after wounding. After dulled-blade wounds, CD45+ immune cells are more rapidly recruited into the corneal stroma and are present within the corneal epithelium at erosion sites 4 weeks after dulled-blade wounding. Fewer sub-basal nerves are present within and adjacent to erosions. While additional experiments are needed, these studies will help to determine the mechanism underlying the chronic elevation of MMP9 in the mouse cornea after debridement wounding. This knowledge will in turn improve treatment options for patients with recurrent erosions and with inflammatory conditions of the cornea involving elevated MMP9 expression.
Highlights
*
Using a rotating burr to make mouse debridement wounds reduces erosion frequency.
* Dulled-blade wounds induce recruitment of more immune cells within 6 hours.
Fewer sub-basal nerves are present near erosion sites after dulled blade wounds.
* CD45+ immune cells are present within and beneath erosion sites. Shown are corneas 4 weeks after wounding by rotating burr (A) and dulled blade (B) processed for whole mount confocal immunofluorescence to reveal the localization of β4 integrin, LN332, and MMP9. Note that β4 integrin and LN332 localize within basal cells at the BMZ after rotating-burr wounds. At erosion sites after dulled-blade wounding, β4 integrin localization is irregular and discontinuous and LN332 is absent at the BMZ. For the cross sections, β4 integrin is in red and MMP9 in green. The en face images are merged from 18 confocal layers taken at 1μm intervals; CS images are 3D reconstructions obtained by rotating 18 layers at a 90° angle to obtain cross sections (see Methods for details). For the dulled-blade MMP9 image, the dotted line indicates the region where the cross section was obtained. The bar in the en face and CS confocal images = 7 μm. On the left are 10x en face images of rotating-burr (A) and dulled-blade (B) corneas 6 hours after wounding stained to reveal the localization of immune cells using an antibody against the common leukocyte antigen, CD45. The arrows below the 10X images indicate the orientation of the limbus relative to the central cornea. Using a 63X oil immersion objective, confocal en face layers (18) were obtained at 1-μm intervals from these corneas. 3D
reconstructions were generated and rotated at a 90° angle to obtain cross sections (CS; see Methods for details). There are more CD45+ cells after dulled-blade compared to rotatingburr wounded corneas. The bar in the 10X images = 100 μm and the bar in the 63X images = 7 μm. 
